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Introduction
Sindbis virus (SIN) is the prototype member of the genus Alphavirus of the family of the Togaviridae. Alphaviruses are structurally well-defined viruses which contain three major proteins, the capsid protein C, and two envelope glycoproteins E1 and E2 (27, 54) . The glycoproteins are organized in 80 hetero-oligomeric spikes; a single spike consisting of a trimer of E2/E1 heterodimers. In the infected cell, the spike heterodimer is assembled in the endoplasmic reticulum as a PE2/E1 heterodimer in which PE2 is the precursor of the E2. The PE2/E1 heterodimer is subsequently transported through the Golgi and the trans-Golgi network to the plasma membrane. Just before the appearance of the spike on the cell surface, the PE2 precursor is cleaved into E2 and E3 by a cellular furin-like protease, resulting in the formation of the mature E2/E1 form of the heterodimer (33) . In some alphaviruses including SIN, the E3 peptide is released from the virus particles (37) , whereas in others, such as Semliki Forest virus (SFV), E3 remains associated with the E2/E1 heterodimer.
The E2/E1 heterodimer mediates the infectious entry of SIN into its host cell. The initial step in cell entry is the interaction of the virus with a cellular receptor. A high-affinity receptor for binding of SIN to rodent and monkey cells has been identified as the 67-kDa protein laminin (57) . Recently, it has been shown that the widely expressed glycosaminoglycan heparan sulfate may be involved in binding of SIN to cells (6, 30) . It is the E2 component of the alphavirus spike that is primarily involved in receptor interaction (48, 50) .
Being an enveloped virus, SIN infects its host cells by a membrane fusion reaction. In principle fusion of enveloped viruses may occur either at the plasma membrane or from within the endosomal cell compartment after internalization of the virus particles through receptor-mediated endocytosis. In the process of plasma membrane fusion, the interaction of the virus with a cellular receptor mediates the conformational changes within the viral spike protein that are required for the fusion reaction, fusion occurring at the neutral pH of the extracellular environment. In the process of virus cell entry through receptor-mediated endocytosis, it is generally the mildly acidic pH within the lumen of the endosomes that triggers the membrane fusion reaction.
There is considerable controversy with regard to the cell entry mechanism of SIN. Several lines of evidence suggest that SIN may fuse directly at the cell plasma membrane at neutral pH, mediated by interaction of the viral spike with its cellular receptor. For example, SIN has been observed to infect cells treated with weak bases, like chloroquine and ammonium chloride, which raise the pH of endosomes, as evidenced by the translation of viral RNA in the cell cytosol (7, 8) . This suggests that the infection process of SIN does not involve acidic endosomes. Accordingly, SIN has been found to infect a Chinese hamster ovary (CHO) cell mutant, temperature-sensitive for endosome acidification (14) , although earlier observations involving similar CHO cell mutants had suggested that a lack of endosome acidification does inhibit infection (39, 47) . Furthermore, Flynn et al. (17) detected conformational changes within the glycoproteins of SIN upon interaction of the virus with cells at neutral pH, and suggested that the virusreceptor interaction induces the fusion-active conformation of the viral spike. Abell and Brown (1) then proposed a model for SIN entry in which the virus-receptor interaction enhances thiol-disulfide exchange reactions reorganizing the viral spike protein, allowing the virus to penetrate cells by direct fusion with the plasma membrane.
On the other hand, early (15) and quite recent evidence supports an endocytic mechanism for cell entry by SIN. In fact, while the present study was in progress, DeTulleo and Kirchhausen (12) reported that infection of cells by SIN is inhibited by dominant-negative mutant forms of dynamin, which block the budding of clathrin-coated pits, thus suggesting that SIN infects its host cells by clathrinmediated endocytosis. Furthermore, Glomb-Reinmund and Kielian (20) published a study also providing evidence for cell entry of SIN through receptor-mediated endocytosis and fusion from within acidic endosomes. These authors made a direct comparison between SIN and SFV, because it is well established that SFV enters cells through an endocytic mechanism (21, 22, 23, 24, 27, 35, 36) . Upon exposure of SFV to low pH, the viral E2/E1 heterodimeric glycoprotein dissociates and trypsin-resistant homotrimer of the fusion protein E1 (19, 31) is formed, which presumably represents the fusion-active conformation of the viral spike (4, 25, 29, 55, 56) . SFV is also capable of fusing liposomes in a mildly acidic environment, indicating that the sole trigger for fusion is low pH (4, 25, 42, 55, 58, 59) .
Here, we studied fusion of SIN in a liposomal model system, using virus biosynthetically labeled with pyrene phospholipids (4, 42, 55, 59) . It is demonstrated that the virus fuses rapidly with liposomes lacking a specific receptor, indicating that receptor binding is not essential for triggering the fusion reaction. Fusion is strictly dependent on low pH, consistent with cellular entry of SIN, like that of SFV, through acidic endosomes.
Materials and Methods
Lipids. Phosphatidylcholine (PC) from egg yolk, phosphatidylethanol-amine (PE) prepared by transphosphatidylation of egg PC and sphingomyelin (SPM) from egg yolk were obtained from Avanti Polar Lipids (Alabaster, AL). High-purity cholesterol (Chol) was a generous gift from Solvay Pharmaceuticals ( Weesp, The Netherlands). The fluorescent fatty acid 16-(1-pyrenyl)hexadecanoic acid ( pyrene fatty acid) and 1hexadecanoyl-2-(1-pyrenedecanoyl)-sn-glycero-3-phosphocholine (pyrPC), were purchased from Molecular Probes (Eugene, OR).
Cells and Virus. Sindbis virus strain AR339 was a generous gift of Dr. D.E. Griffin (Johns Hopkins University, Baltimore, MD). The virus was propagated on Baby Hamster Kidney cells (BHK-21). The cells were cultured in Glasgow's modification of Eagle's minimal essential medium (Gibco/BRL, Breda, The Netherlands), supplemented with 5% foetal calf serum, 10% tryptose phosphate broth, 200 mM glutamine, 25 mM Hepes, and 7.5% sodium bicarbonate. Pyrene-labeled SIN was isolated from the medium of infected BHK-21 cells, cultured beforehand in the presence of pyrene fatty acid, essentially as described before for SFV (4, 42, 55, 59) . Briefly, BHK-21 cells, prior cultured for 48 h on medium containing 15 µg/ml pyrene fatty acid, were infected with SIN at a multiplicity of infection of 4. At 24 h post-infection, the pyrene-labeled SIN particles were harvested from the medium by ultracentrifugation in a Beckman type 19 rotor, 2.5 h at 100,000 g, 4°C
. The virus particles were further purified on a sucrose density gradient (20-50% w/v) by ultracentrifugation in a Beckman SW41 rotor, 16 h at 100,000 g, 4 °C. [ 35 S]methioninelabeled SIN, and unlabeled SIN were produced in a similar fashion (4, 42, 55, 59) . The purity of the SIN particles was evaluated by SDS-PAGE. Viral phospholipid was determined by phoshate analysis (3). Protein concentration was determined according to Peterson (44) . The infectivity of the virus preparation was determined by titration on BHK-21 cells in 96-well plates.
Liposomes. Large unilamellar vesicles (LUV) were prepared by a freeze/thawextrusion procedure (10, 40, 42, 59) . Briefly, lipid mixtures were dried from a chloroform/methanol solution under a stream of nitrogen and further dried under vacuum for at least 1 h. The lipid mixtures were hydrated in 5 mM Hepes, 150 mM NaCl, 0.1 mM EDTA, pH 7.4 (HNE), and subjected to five cycles of freezing and thawing. Subsequently, lipid mixtures were extruded 21 times through a Unipore polycarbonate filter with a pore size of 0.2 µm (Nucleopore, Inc., Pleasanton, CA) in a LiposoFast mini-extruder (Avestin, Ottawa, Canada). Smaller liposomes were prepared by an additional 81 times extrusion through two Unipore polycarbonate filters with a pore size of 0.05 µm. The size of the liposomes was determined by quasi-elastic light scattering analysis in a submicron particle sizer model 370 ( Nicomp Particle Sizing Systems, Santa Barbara, CA). Liposomes consisted of PC/PE/SPM/Chol (molar ratio, 1:1:1:1.5), PC/PE/SPM (molar ratio, 1:1:1), PC/PE/Chol (molar ratio, 1:1:1), PC/PE (molar ratio, 1:1), or PC/pyrPC/PE/SPM/Chol (molar ratio, 0.85:0.15:1:1:1.5).
Trypsin-containing liposomes were also prepared by freeze/thaw-extrusion, but in this case the lipids were dispersed in HNE in presence of 10 mg/ml trypsin (Boehringer, Mannheim, FRG). The liposomes were extruded 21 times through a filter with a pore size of 0.2 µm. The trypsin-containing liposomes were separated from free trypsin by gel filtration on a Sephadex G-100 column in HNE. The phospholipid concentration of liposome preparations was determined by phosphate analysis (3) .
Fusion assays. Fusion of pyrene-labeled SIN with liposomes was monitored continuously in an AB2 fluorometer (SLM/Aminco, Urbana, IL). Briefly, pyrene-labeled SIN (0.5 µM viral phospholipid) and liposomes (200 µM phospholipid) were mixed in a quartz cuvette of the fluorometer in a final volume of 0.665 ml in HNE, unless indicated otherwise. The content of the cuvette was stirred magnetically and thermostatted at the desired temperature. After 1 min incubation, fusion was triggered by the addition of 35 µl 0.1 M MES, 0.2 M acetic acid, pretitrated with NaOH to achieve the final desired pH. The fusion scale was calibrated such that 0% fusion corresponded to the initial excimer fluorescence value. The 100% fusion value was obtained through the addition of 35 µl 0.2 M octaethyleneglycol monododecyl ether (C12E8; Fluka Chemie AG, Buchs, Switzerland) to achieve an infinite dilution of the probe (4, 42, 55, 59) . The initial rate of fusion was determined from the tangent to the first part of the curve. The extent of fusion was determined 60 s after acidification.
Fusion of pyrPC-labeled liposomes with SIN was measured under the same conditions, essentially as described before for SFV (32) and vesicular stomatitis virus (VSV) (41) . For these experiments, liposomes were prepared with a diameter of 70 nm (see above). In the fusion reaction, liposomes (2 µM liposomal phospholipids) were mixed with SIN (10 µM viral phospholipid), unless indicated otherwise.
Transfer of viral nucleocapsid to the liposomal lumen during SIN-liposome fusion was measured as the degradation of the viral capsid protein by trypsin, initially encapsulated in the liposomes (42, 58, 59) . Briefly, a trace amount of [ 35 Virus-liposome binding assay. Virus-liposome binding was assessed by a coflotation assay, as described before (4, 9, 40, 42, 55, 59) . The reactions were carried out under the same experimental conditions as those in the fusion experiments. A trace amount of [ 35 S]methionine-labeled virus and unlabeled virus (final concentration of 0.5 µM viral phospholipid) were mixed with liposomes (200 µM phospholipid). The mixture was acidified, under continuous stirring, to the desired pH with 0.1 M MES, 0.2 M acetic acid, as above. After 60 s, samples were neutralized through the addition of a pretitrated volume of NaOH. Subsequently, 0.1 ml of the reaction mixture was added to 1.4 ml 50% (w/v) sucrose in HNE. On top of this, 2.0 ml of 20% (w/v) sucrose and 1.0 ml of 5% (w/v) sucrose in HNE were layered. After centrifugation in a Beckman SW50 rotor at 150,000 g for 2 h at 4 °C, the gradient was fractionated in ten samples, starting from the top. The distribution of the viral radioactivity was quantified by liquid scintillation analysis. The radioactivity in the top four fractions, relative to the total amount of radioactivity, was taken as a measure for SIN-liposome binding.
Analysis of the conformational changes in the viral spike protein. The conformational changes occurring in the viral spike protein were examined under the same conditions as in the fusion and binding experiments. After low-pH treatment, samples were neutralized by addition of a pretitrated volume NaOH, solubilized in SDS-PAGE buffer, and analyzed by SDS-PAGE. For the appearance of trypsin-resistant forms of E1, samples were incubated in presence of 200 µg/ml trypsin for 15 min at 37 °C. Subsequently, samples were solubilized in SDS-PAGE sample buffer, heated for 4 min at 100 °C, and analyzed by SDS-PAGE. Gels were further incubated for 30 min in 1 M sodium salycilate and dried. Visualization of the bands was done by autoradiography. Quantification was done by phosphorimaging analysis, as described above.
Results
Characterization of pyrene-labeled SIN. In this study we used SIN, biosynthetically labeled with the fluorescent probe pyrene. The labeling procedure involves production of the virus on BHK-21 cells cultured beforehand in the presence of pyrene fatty acid (4, 10, 42, 59) . Newly formed virus particles thus carry the pyrene probe in their membrane phospholipids. In order to examine the potential effect of pyrene incorporation in the viral membrane on the infectivity of the virus, the specific infectivities of pyrene-labeled and unlabeled virus were determined. Virus was isolated and purified from the medium of infected pyrenelabeled or unlabeled BHK-21 cells, as described in Materials and Methods. Analysis by SDS-PAGE demonstrated that the virus preparations were pure, as evidenced by the presence of just the three major structural proteins E1, E2, and C (results not shown). Subsequent determination of the viral titer and protein concentration showed that, for pyrene-labeled SIN the infectious unit (IU) to particle ratio was 1/13 under the conditions of the experiment, while for unlabeled control virus the corresponding ratio was 1/12. For the calculation, a theoretical amount of 5.45*10 -17 g protein/virus particle was used. The IU to particle ratios of unlabeled and pyrene-labeled SIN appeared to be very similar, indicating that pyrene labeling has no effect on the infectivity of the virus.
Low-pH-dependent fusion of pyrene-labeled SIN with liposomes. Fusion of pyrene-labeled SIN was measured in a liposomal model system (4, 42, 55, 59) . The pyrene probe forms excimers with a fluorescence emission maximum at 480 nm, about 100 nm higher than the fluorescence maximum of pyrene monomers. Pyrene excimer formation is dependent on the average distance between the probe molecules. Thus, in the virus membrane, the excimer fluorescence intensity is proportional to the surface density of pyrene-labeled phospholipid molecules (18, 43) . Upon fusion of pyrene-labeled virus particles with liposomes, the pyrene phospholipids will be diluted into the liposomes resulting in a decrease in the pyrene excimer fluorescence intensity, which can be monitored continuously. For this assay liposomes were prepared with an average diameter of 200 nm. The diameter of the viral membrane (excluding the glycoproteins) is about 50 nm. Therefore, upon fusion of a virus particle with a liposome the pyrene phospholipids dilute by at least an order of magnitude. In the fusion reaction, pyrene-labeled SIN (0.5 µM viral phospholipid) was mixed with an excess of liposomes (200 µM phospholipid) consisting of PC/PE/SPM/Chol with a molar ratio of 1:1:1:1.5. Figure 1A presents the fusion kinetics of pyrene-labeled SIN with liposomes. At pH 5.0, the virus fused rapidly and efficiently with the liposomes (curve a). By contrast, at pH 7.4, no detectable fusion occurred (curve c). Furthermore, the fluorescence intensity of pyrene-labeled SIN at low pH in the absence of target liposomes remained constant (curve d), demonstrating that the decrease in excimer fluorescence intensity observed in the presence of liposomes was due to dilution of the probe from the viral into the liposomal membrane. At pH 5.75, an intermediate extent of fusion was observed with the initial rate substantially slower than that at pH 5.0 (curve b). Figure 1B shows the detailed pH dependence of SIN fusion with PC/PE/SPM/Chol liposomes. Optimal fusion in terms of both initial rate (solid circles) and final extents (open squares) was observed at pH 5.0, with a threshold at pH 6.0. Under optimal conditions a decrease of excimer fluorescence intensity by approximately 60% was observed. This corresponds to fusion of a minimum of 60% of the virus particles, since each fusion event is expected to result in a large dilution of the pyrene probe (see above). However, upon fusion of a virus particle with a relatively small liposome, a residual excimer fluorescence intensity may remain. This implies that the level of 60% may represent an underestimate of the actual extent of fusion. The initial rate of fusion at pH 5.0 was very fast, corresponding to 20-25% of the virus particles fusing within the first second after the acidification of the virus-liposome mixture. At pH values higher or lower than the optimal pH 5.0, fusion exhibited slower kinetics and lower extents.
Fusion required an excess of liposomes, leading to an apparent saturation at 100-150 µM phospholipid (results not shown). In principle, it is possible that with liposome concentrations increasing beyond the saturating level, a single virus particle will fuse simultaneously with multiple liposomes. However, this is not expected to result in a significant further decrease of the fluorescence signal since, in general a single fusion event already produces a dilution of the pyrene probe by at least an order of magnitude, as indicated above. Fusion of unlabeled SIN with pyrene-labeled liposomes. We also used a reverse variant of the pyrene lipid mixing assay in order to ascertain that the fusion signal seen in the experiments of Figure 1 was not due to a peculiarity of the pyrene-labeled virus used in those experiments. In the reverse assay, an excess of unlabeled SIN was incubated with pyrPC-labeled liposomes, and dilution of the probe from the liposomal into the viral membrane was assessed. For the fusion reaction liposomes were prepared with a diameter of 70 nm. Given the diameter of the viral membrane of 50 nm, fusion of a liposome with a single virus particle thus is expected to result in a 1/3 enlargement of the liposomal membrane, with a concomitant decrease of the pyrene excimer fluorescence by 33%. Figure 2A shows Furthermore, pyrPC-labeled liposomes in the absence of virus did not exhibit any change in fluorescence intensity upon acidification to pH 5.0 (curve c).
In Figure 2B the extent of excimer fluorescence decrease was measured as function of the virus concentration. When a fixed concentration of pyrPC-labeled liposomes (2 µM phospholipid, corresponding to 4 x 10 10 particles per ml) was incubated with increasing virus concentrations, the extent of the decrease in excimer fluorescence intensity increased in a biphasic manner. At the extrapolated inflection point, the extent of excimer fluorescence decrease was 32%, which is very close to the theoretical value, 33%, expected for one virus particle fusing with a single liposome. The inflection occurred at a virus concentration of 2.5 µM viral phospholipid, corresponding to 10 11 particles per ml. Thus, we conclude that on average each liposome fuses at least once with a single virus particle at a virus-toliposome particle ratio of approximately 2.5. After the inflection point, the extent of excimer fluorescence decrease continued to increase, consistent with one liposome fusing simultaneously with more than one virus particle. Unlike the condition of a labeled virus particle fusing with a considerably larger liposome, fusion of a labeled 70-nm liposome with multiple smaller virus particles is expected to produce a significantly greater dilution of the probe than fusion of one such liposome with a single virus particle.
Contents mixing during SIN-liposome fusion. In the above experiments, the detection of SIN-liposome fusion was based on lipid mixing assays. A more stringent criterion for fusion involves the mixing of the internal contents of the virus with the liposomal lumen. To demonstrate contents mixing in the SINliposome system, we used an assay involving [ 35 S]methionine-labeled virus and trypsin-containing liposomes (42, 58, 59) . Fusion was assayed as the degradation of the viral capsid protein in the presence of an excess of trypsin inhibitor in the medium. As shown in Figure 3A , incubation of SIN with an excess of trypsincontaining PC/PE/SPM/Chol liposomes at pH 5.0 resulted in the degradation of a substantial fraction of the capsid protein (lane a). At neutral pH, no degradation of the capsid protein was detected (lane b). Furthermore, incubation of virus at pH 5.0 with empty liposomes under otherwise the same conditions did not result in degradation of the capsid protein either (lane c). In these controls, the ratio of radioactivity in the capsid band relative to the total radioactivity, as determined by phosphorimaging, was close to 0.4, as expected on the basis of the number of methionine residues in the viral structural proteins (46) . To exclude the possibility that the amount of trypsin was limiting under the conditions of the experiment, Triton X-100 was added to the reaction mixture in the absence of trypsin inhibitor. This resulted in complete degradation of the capsid protein, demonstrating that the amount of trypsin was not limiting in the assay (results not shown). Figure 3B presents a quantification by phosphorimaging analysis of the extent of capsid protein degradation as a function of pH. At pH 5.0, approximately 85% of the capsid protein was degraded, while at pH 5.5 and pH 5.75 the corresponding numbers were 64% and 41%, respectively. It appears, therefore, that qualitatively the pH dependence of the SIN-liposome fusion process is the same in the contents mixing assay and the lipid mixing assay. However, the extent of fusion as assessed by the trypsin assay was consistently slightly higher than that determined from the pyrene assay. This underlines the conclusion that the pyrene assay presumably underestimates the extent of fusion, as indicated above. In addition, there may be small differences in fusion capacity between individual virus batches. Taken together, the results obtained with the lipid mixing assays involving either pyrene-labeled SIN or pyrene-labeled liposomes, and the results of the contents mixing assay demonstrate conclusively that SIN fuses rapidly and almost quantitatively with receptor-free liposomes in a strictly low-pH-dependent manner.
Cholesterol and sphingomyelin are required for low-pH-induced SINliposome fusion. A characteristic feature of the fusion mechanism of SFV is the specific requirement of cholesterol and sphingomyelin in the target membrane (4, 26, 42, 45, 55, 58, 59) . Because of the similarity between SFV and SIN it was of interest to determine whether SIN exhibits the same lipid dependence. As shown in Figure 4 Figures 1 and 3 with the binding data obtained here, we conclude that all of the particles that bound to the liposomes under these conditions also fused. In the trypsin assay, we even observed a slightly higher extent of capsid protein degradation at pH 5.0 than the extent of virus-liposome binding under the same conditions. This is presumably due to minor differences between individual virus batches. The association of SIN with PE/PC/Chol liposomes was less efficient, resulting in 25% binding (bar b). However, these virus particles only bound to the liposomes but did not fuse, fusion being undetectable with liposomes lacked SPM (see Figure 4 ). SIN bound very poorly to liposomes consisting of either PC/PE/SPM (bar c), or PC/PE (bar d). These results indicate that cholesterol promotes binding of the virus to the liposomes but is not sufficient for extensive irreversible binding, as seen under comparable conditions with SFV (40) . This indicates that in the case of SIN, both cholesterol and SPM are required for efficient irreversible binding (and fusion) of the virus to the liposomes. 
Inactivation of SIN fusion capacity through pre-exposure of the virus alone to low pH.
It has been suggested recently that pre-exposure of SIN during freezing of the virus in medium or PBS, which results in a transient lowering of the pH, may activate the viral fusion capacity, thus possibly explaining observations suggesting fusion of the virus under neutral pH conditions at the level of the target cell plasma membrane (12, 16) . The implicit assumption underlying this suggestion is that virus activated by pre-exposure to low pH would remain fusion-active for a significant period of time, e.g., several minutes. In this perspective we analyzed whether pre-exposure to low pH of SIN alone results in sustained fusion capacity. Notably, incubation of SFV at acidic pH in the absence of target membranes results in a very rapid loss of the fusion capacity of the virus (4). Pyrene-labeled SIN was incubated at pH 5.0 at 37 °C in the absence of target liposomes for various periods of time. Subsequently, PC/PE/SPM/Chol liposomes were added and the remaining fusion activity was determined. Figure 6 shows that such a preincubation of the virus alone leads to a rapid loss of fusion activity. Preincubation of SIN at pH 5.0 for 20 s resulted in a 50% reduction of fusion, while a preincubation for 2-3 min resulted in essentially complete loss of fusion capacity. This indicates that fusion activation of SIN triggered by low pH is of a transient nature, resulting in a rapid subsequent irreversible loss of fusion capacity.
Next, we exposed SIN to low pH by slowly or rapidly freezing the virus in cell culture medium without Hepes buffer or in PBS, subsequently assessing the capacity of the virus to fuse with liposomes at neutral pH. There was no detectable fusion under these conditions (results not shown).
Conformational changes of the viral spike protein under fusion conditions. Finally, we investigated the structural changes occurring in the SIN envelope glycoprotein occurring in the presence of target liposomes under fusion conditions, in an attempt to determine the viral spike conformational requirements for fusion. To this end, the kinetics of fusion and the kinetics of the viral spike conformational changes were determined under comparable conditions. A complicating factor in this respect relates to the extremely high rates of the fusion reaction upon acidification of a SIN-liposome mixture at 37 °C to the optimal pH for fusion (pH 5.0). Therefore, for determination of the relative kinetics of virus- Percentage of final extent liposome fusion and the occurrence of spike conformational changes, we chose a pH of 5.75 and a temperature of 20 °C, conditions under which the kinetics of the process are slowed down considerably. Also, the fusion process at pH 5.75 at 20°C exhibited a lag phase of approximately 9-10 s preceding the onset of fusion (results not shown; see Figure 8 ). Furthermore, the final extent of fusion was reduced. Figure 7 shows the time course of the structural changes occurring in the viral spike protein. Briefly, mixtures of [ 35 S]methionine-labeled SIN, unlabeled SIN, and liposomes were incubated at pH 5.75 at 20 °C. At the indicated time points, the mixtures were neutralized by the addition of a pretitrated volume of NaOH. Subsequently, the samples were analyzed by SDS-PAGE ( Figure 7A ). Besides E1 and E2, another protein band became apparent. Determination of the size of the protein, in which a set of marker proteins was used, showed that the protein band had a molecular weight of 150 kD, indicating that a trimer of E1 was formed. To analyze the formation of a trypsin-resistant form of the viral spike protein, we incubated the mixtures in presence of trypsin (200 µg/ml) at 37 °C. After heating of the trypsin-treated samples for 5 min at 100 °C, they were analyzed by SDS-PAGE. Figure 7B shows the time course for the appearance of a trypsin-resistant phenotype of the E1 protein. Since the kinetics of the E1 trimer formation and that of the appearance of the trypsin-resistant phenotype of the E1 were similar, it is likely that it is in fact the trimerization of E1 that renders it trypsin-resistant. Figure 8 presents a kinetic comparison of SIN-liposome binding (squares), E1 trimerization (circles), and fusion (triangles) during the initial 60 s following a pH jump from pH 7.4 to pH 5.75 at 20 °C. The extents of virus-liposome binding, fusion, and E1 trimerization at 60 s were 30, 14, and 56%, respectively. This indicates that not all of the virus bound to the liposomes under these suboptimal conditions also fused. In fact a fraction of the virus initially bound to the liposomes may subsequently dissociate, possibly explaining the relatively high degree of E1 trimerization. We were not able to detect differences between the kinetics of virusliposome binding and those of E1 trimerization. However, fusion proceeded with a significant delay after the virus-liposome binding and E1 trimerization processes. . SIN-liposome binding was determined as described in the legend to Figure 5 . E1 trimerization was determined as described in the legend to Figure 7 . Fusion was determined as described in the legend to Figure 1 .
Discussion
The results presented in this paper indicate that SIN has the capacity to fuse efficiently in a model system involving liposomes as target membranes. SINliposome fusion meets a stringent criterion for membrane fusion, i.e. coalescence of the internal encapsulated compartments of the interacting particles and a concomitant mixing of membrane lipids. Coalescence of the viral and liposomal internal contents was assessed on the basis of degradation of the viral core protein by trypsin initially encapsulated in the liposomes (42, 58) . Percentage of final extent was monitored continuously using two variants of a fluorescence assay, based on incorporation of pyrene-labeled phospholipids in either the viral or the liposomal membrane. Incorporation of the probe into the viral membrane was achieved through a biosynthetic labeling procedure, involving production of virus from cells cultured beforehand in the presence of pyrene-labeled fatty acid. This methodology has been used before for labeling of SFV (4, 42, 55) and tick-borne encephalitis (TBE) virus (11) . The present results demonstrate that the procedure can also be used reliably to produce pyrene-labeled SIN, without affecting the infectivity of the virus. SIN fuses efficiently with liposomes consisting of just phospholipids and cholesterol, lacking a specific protein or carbohydrate receptor for virus binding (Figures 1-4 ). Furthermore, SIN-liposome fusion is strictly dependent on low pH, fusion being optimal at pH 5.0 and undetectable at neutral pH (Figures 1-3) . These characteristics of the fusion process argue strongly in favor of a cell entry mechanism of SIN, involving endocytosis of virus particles into endosomes and subsequent fusion of the viral membrane with the endosomal membrane induced by the mildly acidic pH in the lumen of the endosomes. SIN shares the capacity to fuse to receptor-free target liposomes with a number of other enveloped viruses, such as influenza virus (51, 52, 53) , SFV (4, 25, 55, 58) , TBE virus (11) and VSV (41) . In all cases, low pH appears to be a necessary and sufficient condition for induction of the fusion process. The efficient fusion of low-pH-dependent viruses with receptor-free liposomes suggests that receptor binding is not a mechanistic requirement for expression of membrane fusion activity by these viruses. Receptor binding would appear to be primarily involved in the initial binding of the viruses to the host cell and subsequent endocytic uptake of the virus particles by the cell, although it cannot be excluded that the receptor interaction also influences the detailed characteristics of the subsequent fusion process from within the endosome. In this respect, it is interesting that, in the case of SIN, virus-receptor interaction has been found to result in conformational alterations in the viral envelope glycoprotein, detected on the basis of exposure of specific epitopes recognized by monoclonal antibodies (17, 38) . These conformational changes have been suggested to be related to the viral fusion process. Clearly, our present results do not exclude that possibility. However, it would appear that low pH is the essential trigger for fusion of SIN.
The conclusion that SIN infects its host cell b y entry through receptormediated endocytosis and fusion from within acidic endosomes is in agreement with recent observations of Glomb-Reinmund and Kielian (20) . These investigators showed that the addition of weak bases during cell entry of the virus efficiently inhibits translation of viral RNA and infection. Previous studies had suggested that weak bases would not inhibit cellular infection by SIN (7, 8) . Glomb-Reinmund and Kielian (20) also used balifomycin and concanamycin, two reagents that prevent endosome acidification by a mechanism different from that of weak bases, and again found that cellular infection by SIN was inhibited, in further support of the conclusion that the infection process involves acidic endosomes. Furthermore, the authors were unable to detect a specific role for reduction of disulfide bridges through thiol-disulfide exchange reactions during the SIN entry process (20) . It had been suggested before that disulfide shuffling upon interaction of SIN with its cell surface receptor would reorganize the viral spike to mediate virus cell entry through fusion with the plasma membrane (1, 5) . Thus, the observations of Glomb-Reinmund and Kielian (20) argue against fusion with the cell plasma membrane as the physiological infection mechanism of SIN. Recently, DeTulleo and Kirchhausen (12) also came to the conclusion that SIN does not infect cells by plasma membrane fusion but rather through entry via an endocytic pathway. Specifically, these investigators employed expression of dominantnegative mutant forms of dynamin which inhibit clathrin-dependent endocytosis, and showed that these mutant dynamins also inhibit cellular infection by SIN.
It is not clear what the explanation is for the above discrepancy between the observations which suggest that SIN enters cells by plasma membrane fusion and those that argue in favor of an endocytic entry mechanism. One possibility, suggested by DeTulleo and Kirchhausen (12) and Ferlenghi et al. (16) , involves an undeliberate pre-exposure of the virus to low pH during freezing in cell culture medium or PBS. This would induce a premature conformational change in the viral spike, allowing subsequent fusion of the virus with the cell plasma membrane at neutral pH. Indeed, DeTulleo and Kirchhausen (12) observed that SIN, frozen under such inadequate buffering conditions, has the capacity to enter cells via a clathrin-independent pathway, suggestive of fusion through the plasma membrane. We were unable to detect any fusion of SIN at neutral pH, whether or not the virus had been frozen beforehand in PBS or medium. However, this does nor rule out the possibility of fusion with the plasma membrane at neutral pH of virus frozen under inadequate buffering conditions, since a low degree of fusion (on the order of 1% relative to the control) may well go unnoticed in our assay.
The characteristics of SIN fusion in the present liposomal model system in many respects resemble those of SFV-liposome fusion (4, 42, 55, 59) . Both viruses fuse with receptor-free liposomes in a low-pH-dependent manner, although we note that the pH optimum (pH 5.0) for fusion of the AR339 strain of SIN used here is lower by about 0.5 pH unit than that of SFV, in agreement with observations of Glomb-Reinmund and Kielian (20) . Also, for the Toto 1101 infectious clone of SIN we found a low pH optimum (pH 4.6) for fusion (49) . In cell-cell fusion studies the pH optimum for SIN AR339 has been reported to be 5.4 (2) . Importantly, SIN, like SFV, requires the presence of both cholesterol and sphingolipid in the target membrane ( Figure 4) . Recently, in an elegant study, Lu et al. (34) have shown that SIN entry into cells also requires cholesterol. In the liposome system, cholesterol is essential for the initial low-pH-dependent binding of SFV to target liposomes, while the sphingolipid appears to be involved directly in the subsequent fusion reaction (42, 59) . Specifically, extensive irreversible binding of SFV occurs to liposomes consisting of PC/PE/Chol, with fusion being undetectable; on the other hand, virtually no binding (nor fusion) occurs with PC/PE/SPM liposomes (42, 59) . SIN appeared to behave in essentially the same manner (Figures 4 and 5) , with virus binding to PC/PE or PC/PE/SPM liposomes being at background level and binding to PC/PE/Chol liposomes reaching 25% ( Figure 5 ). On the other hand, the extent of virus binding to PC/PE/Chol liposomes was limited compared to the extent of binding to PC/PE/SPM/Chol liposomes (72%). One explanation would be that the interaction of the virus with PC/PE/Chol liposomes is not completely irreversible, such that in the absence of fusion part of the virus may dissociate. In the presence of Chol and SPM in the liposomes the interaction would become irreversible as a result of fusion subsequent to binding. Indeed, all of the virus that binds to liposomes containing both Chol and SPM appears to be fused as well. Yet, even under optimal conditions a small fraction of the virus does not seem to interact at all with the liposomes. It is possible that, upon exposure of the virus-liposome mixture to low pH, part of the virus may become inactivated so rapidly, that it does not have the opportunity to productively interact with the liposomes.
The results shown in Figure 7 demonstrate that under fusion conditions, the E1 component of the SIN spike forms a homotrimeric structure, while at the same time E1 becomes trypsin-resistant. The relative kinetics of the E1 trimer formation and the appearance of the trypsin-resistant phenotype suggest that the E1 homotrimer and the trypsin-resistant form of E1 are in fact identical structures. By analogy to the role of the E1 trimer in SFV fusion (4, 25, 55) , we propose that the SIN E1 homotrimer represents the fusion-active conformation of the viral spike. The kinetics of virus-liposome binding and E1 homotrimer formation are indistinguishable ( Figure 8 ). For SFV, on the basis of early results, we have suggested that E1 homotrimer formation precedes virus-liposome binding (4). However, more recent observations involving selective inhibition of SFV E1 trimerization with Zn 2+ ions (10) or through a mutation in the E1 protein (28) have shown that dissociation of the E2/E1 heterodimer at low pH suffices for initiation of virus-liposome binding and that E1 trimer formation occurs after the binding of the virus to the liposomes (10, 28) . The results shown for SIN in Figure 8 are in agreement with this notion. Therefore, it would appear that E1 trimer formation is strongly facilitated by the association of the virus to the liposomes, occurring without any significant delay after the initial binding process. Under the conditions of the experiment (pH 5.75, 20 °C), fusion then proceeds after a lag period. This lag presumably represents the time required for additional rearrangements within or between homotrimeric E1 spikes. We propose that the target membrane sphingolipid is critically involved in this step, leading to the actual fusion-active structure of the virus.
